Thalssiosira psudonana Husedt (Hasle and Heimdal) clone 3H was grown in axenic culture in artificial seawater medium containing 10O8 molar Na275SeO3. Biochemical distribution of radiolabeled Se was determined by solvent extraction techniques, gel filtration, and polyacrylamide gel electrophoresis. Of the total cellular Se, 51% was protein bound. Two soluble macromolecules of 21 and 29 kilodaltons contained "Se. These results are the first to provide evidence of specific Se-containing compounds in a photosynthetic organism. Glutathione peroxidase (GSH-Px) activity was measured in cell-free extracts and on nondenaturing polyacrylamide gels by a glutathione-reductase coupled assay. Two enzymes showing GSH-Px activity were present. One enzyme was active with H202 and tert-butyl hydroperoxide (tBOOH) consistent with known Sedependent GSH-Pxs, but the other enzyme was only active with tBOOH.
The biochemical basis for the obligate growth requirement for Se in some marine and fresh water phytoplankton is unknown. Although a number of selenoproteins are characterized in animals and prokaryotic heterotrophs, no specific Se-containing macromolecules have been isolated from photosynthetic organisms. Recently, we demonstrated that growth of the marine diatom Thalassiosira pseudonana was dependent upon Se (19) . This requirement was specific for Se; no other elements were able to substitute for this growth requirement.
Prior to this research, investigations of Se-containing macromolecules in algae examined species which have not been shown to have an obligate Se requirement for growth. In two phytoplankton species, Tetraselmis tetrathele and Dunaliella minuta, Wrench (29) observed that about 55% of 75Se associated with the cells was protein-bound. A of the cellular Se was bound to lipids in Porphyridium cruentum (2) . Selenium was associated with lipid in Dunaliella primolecta and Porphyridium cruentum, but there was no evidence that Se was incorporated into the covalent structure of the lipids (9) . We noticed that ultrastructural alterations to the membranes of Se-deficient T. pseudonana were similar to changes seen in Se-deficient mammalian tissue (5) . In mammals, Se is known to be required for the selenoenzyme GSH-Px3 (7, 21) , and Sedeficiency results in decreased levels of this enzyme (4) . Swelling of spinach chloroplasts and distention of thylakoid membranes following high light exposure was attributed to lipid peroxidation and the accumulation of lipid peroxides in these membranes (15) . In Se-deficient T. pseudonana, chloroplast thylakoids undergo similar structural changes (5). Other reports show that glutathione induces swelling ofmitochondria, and lipid peroxides accumulate concurrently (12) . In both mitochondria and chloroplasts, GSH-Px acts to detoxify injurious lipid peroxides, or their precursors, and maintains membrane integrity (8) . On the basis of these observations, we hypothesized that the selenoenzyme GSH-Px may be present in T. pseudonana. Although some enzymes showing GSH-Px activity have been detected in algae, there is little evidence to indicate whether or not they are Sedependent enzymes.
The purpose of this research was 2-fold: (a) to measure Se uptake by T. pseudonana and the distribution of Se within the biochemical constituents of T. pseudonana, and (b) to assay cellfree extracts of T. pseudonana for GSH-Px activity.
MATERIALS AND METHODS Culture
Conditions. An axenic culture of Thalassiosira pseudonana clone 3H was grown in modified artificial seawater medium (ESAW) supplemented with 10-8 M Na2`5Se03 (Amersham; 5.72 mCi.mg-'; 0.21 GBq.mg-') (19) . Incorporation of "Se into the phytoplankton was determined by filtering 5 ml subsamples of culture through Whatman GF/C filters, and the amount of radioactivity retained by the filters was measured by liquid scintillation counting.
Collection of Cells. The culture was harvested by filtration in early stationary growth phase onto Whatman GF/C filters, placed in Cryovials (Simport Plastics Ltd., Quebec), and immediately frozen in liquid nitrogen. Phytoplankton cells were lyophilized and then stored under vacuum in a desiccator at -30°C . Biochemical Analysis. During exponential growth, duplicate 25 (14) . Autoradiograms were run to detect the location of "Se-labeled bands. Mol wt of the sample proteins were estimated from a calibration plot of log protein mol wt versus RF.
Glutathione Peroxidase Activity. A GSH-Red-coupled assay (6) was used to measure GSH-Px in T. pseudonana. Glutathione peroxidase activity was assayed in cell-free extracts in Tris-HCl buffer. The reaction was initiated by the addition of 0.09 mM H202 or 2 mM tBOOH, and oxidation of NADPH was measured spectrophotometrically (A340) over 5 min. The oxidation rates determined in controls lacking reduced GSH, H202, or tBOOH (collectively ROOH), GSH-Red or cell extract were subtracted from the total oxidation rate to calculate GSH-Px activity (24) .
Glutathione peroxidase activity was assayed on nondenaturing polyacrylamide gels (lacking SDS) by a method similar to that described for starch gels (1) . Soluble proteins in cell-free extracts were separated by electrophoresis on a 10% polyacrylamide resolving gel. The GSH-Px assay solution consisted of 200 mm KH2PO4/K2HPO4 buffer (pH 7.0); 10 mM GSH; 10 unitsml-' GSH-Red; 1 mM NADPH and 5 mm EDTA. Hydrogen peroxide (0:7 mM) and tBOOH (2 mM) were used as substrates. Controls were run in the absence of GSH and ROOH. The gel was examined on a short wavelength (250 nm) UV light table using transmitted UV light. Enzyme activity was evident in bands lacking NADPH fluorescence.
RESULTS
Uptake of "Se. Growth of T. pseudonana, and incorporation of "Se-selenite into the cells is reported in Figure 1 . The rate of "Se uptake was in fair agreement with the growth rate of the alga (1.27 and 1.56 d-1, respectively), and "Se uptake ceased once the cells stopped growing. Assuming that background levels of Se were negligible compared to the "Se addition (19) , approximately 1.5 nM Se was taken up by the cells. This is equivalent to 1.6. 10-18 mol Se.cell' or 9.8.10' atoms Se-cell-l.
Biochemical Distribution of 'Se. Based on the solvent extraction results, 51% of "Se was present in protein (TCA insoluble) and 36% in polysaccharides and nucleic acids (TCA soluble). A minor amount of Se was present in the lipid fraction (CHC13 soluble) (1%), and only 1 1% ofthe label was associated with low mol wt compounds (KCl-methanol-H20 soluble). There was 77 ± 2.8 ng membrane-bound protein.
-mg dry weight cells-' and 95 ± 3.6 ng soluble protein mg dry weight cells-' (mean of 4 replicates ±1 SD). "Selenium was present in the soluble (9.9 ng mg protein-') and membrane-bound (13 ng mg protein-') proteins.
Gel Filtration and Electrophoresis. Gel filtration of the cellfree extract through Sephadex G-150 resolved three distinct peaks of 75Se activity ( Fig. 2A) . The highest mol wt peak eluted in the void volume and was associated with protein (A280) (Fig. 2B) ; the two peaks were not exactly coincident. A broad peak of 75Se activity eluted in fractions 28 to 40 with an apparent mol wt of 87 kD, and a third peak of 7"Se activity had an apparent mol wt of 4.6 kD. Other freshly prepared cell-free extracts gave identical chromatograms.
The membrane and soluble proteins were separated by SDS-PAGE (Fig. 3A) . After staining, the gel was exposed to x-ray film for 100 h (Fig. 3B) . No Se-containing proteins were detected in the membrane fraction, but two soluble macromolecules of 21 and 29 kD were labeled with "5Se. It seems likely that these compounds are 75Se-labeled proteins, although presently we cannot rule out that they are protein-bound selenium-containing nucleic acids. These 75Se-labeled proteins were not the most abundant of the soluble proteins.
Glutathione peroxidase activity in cell-free extracts was 29.0 ± 1.0 nmol NADPH oxidized.min-' mg protein-' using H202
as substrate and 36.0 nmol NADPH oxidized-min-Img protein-' using tBOOH as substrate. These rates were measured at 25°C and are averages of duplicate measurements ± 1 SD. Heatdenatured samples had no GSH-Px activity. Glutathione-S-transferase activity was also assayed using 1-chloro-2,4-dinitrobenzene as substrate (11) , but it could not be detected. (Fig. 4) . Controls lacking GSH and tBOOH or both were run concurrently. In the absence oftBOOH, NADPH was oxidized, but to a much lesser extent than the experimental treatments. To facilitate better separation between the two bands of enzyme activity, the cell extract was electrophoresed under identical conditions for 9 h. The higher mol wt band showed less activity compared to the first gel and reacted less strongly than the lighter band. Both H202 and tBOOH were used as substrates, and the appropriate controls were run for each. The higher mol wt band was active with tBOOH, but no activity was detected with H202. The lower mol wt band was active with both substrates (Fig. 5) . A portion of the same gel was assayed for GSH-Px activity using H202 as substrate, and the gel was sliced in to 2.5 mm sections and assayed for "Se activity. Glutathione peroxidase activity and "Se co-migrated on the gel (Fig. 6 ). There were also other peaks of "Se activity of lower mol wt, and one small peak with a greater weight. DISCUSSION Selenium Uptake. Thalassiosira pseudonana accumulated selenite during exponential growth, and uptake stopped once cell division ceased. In the only other study of phytoplankton uptake of Se (22) Specific Se-Containing Molecules. Separation of soluble macromolecules by gel filtration showed that some "Se was associated with high mol wt material which eluted in the void volume (about fraction 20) . The exclusion limit of Sephadex G-1 50 is 300 kD, and this weight is approximately the lower limit of material eluted in the void volume. The two soluble macromolecules identified in the autoradiograms of the SDS polyacrylamide gel had Se stably incorporated into their molecular structure. The mol wt ofthese proteins, 21 and 29 kD, when compared to the weight of the "Se-labeled material eluting from the column, suggests that they are subunits of oligomeric proteins. Integral multiples of the mol wt of these subunits equal the mol wt of the material eluted from the Sephadex column in fractions 28 to 40. These results provide circumstantial evidence that T. pseudonana contains two Se-containing polypeptides which have a native mol wt of approximately 87 kD. The mol wt of GSHPx (EC 1.1 1.1.9) from a variety of sources ranges from 76 to 96 kD (26) . The enzyme is a tetramer composed of identical subunits (19-24 kD) each containing one selenocysteinyl residue.
Although specific Se-containing proteins have not been identified in higher plants, chemical and enzymic hydrolysis of crude protein extracts and their subsequent analysis have shown the presence of selenoamino acids in these organisms. Selenocysteine and its oxidized form selenocystine were identified in corn and in wheat grain and selenocysteine, selenomethionine, and their oxidation products were present in proteins of clover and rye grass (20) . Recently, evidence of selenocysteine in proteins of pea and bean was presented (3). Since selenocysteine is altered upon acid hydrolysis, and after 6 h all of this amino acid is destroyed (25) (29) .
The lack of specific Se-labeled membrane protein(s), in spite of equivalent activity on a weight basis for both soluble and membrane proteins, is perplexing. A possible explanation may be that there was a nonspecific incorporation of "Se into all the membrane proteins, and insufficient time was allowed to detect these proteins on the x-ray film. It is known that selenol groups are easily oxidized, and the oxidized products will undergo spontaneous elimination reactions producing elemental Se (26) . The nature of the Se functionality in membrane proteins may favor this type of reaction. Alternatively, it is reported that Na275SeO3 added to a cell extract will readily bind to protein (23) . The Se associated with the membrane proteins may be loosely bound and was released when the proteins were solubilized and denatured prior to electrophoresis.
Glutathione Peroxidase. Recent attempts to demonstrate the presence of GSH-Px in Dunaliella primolecta and Porphyridium cruentum failed (10) . But this enzyme has been detected in purified cell-free extracts of a number of microalgae, including Euglena gracilis, E. gracilis var bacilaris, and Astasia longa (16, 17) . Overbaugh and Fall (17) found that GSH-Px in E. gracilis was a Se-independent enzyme which was active with both H202 and organic hydroperoxides. Their's was the first report of a Seindependent GSH-Px which reduces H202. The mol wt of this enzyme is much greater than previously described Se-dependent GSH-Px.
Glutathione peroxidase activity was evident in T. pseudonana, and activity was observed with H202 and tBOOH. Enzymic activity was completely eliminated after heating the cell extract at 1000 C for 5 min. This observation is relevant, since other investigators found that oxidation of GSH was nonenzymic (10) .
The specific activity of GSH-Px in crude extracts of four planktonic euglenoids ranged from 16 to 100 nmol NADPH (16) . Similar levels of this enzyme were measured in tissue-cultured plant cells (6) . In both reports, the activity of GSH-Px was generally less when organic hydroperoxides (cumene hydroperoxide and tBOOH) were 
